Multi-drug-resistant tuberculosis (TB) is a major public health problem, concerning about half a million cases each year. Patients hardly adhere to the current strict treatment consisting of more than 10 000 tablets over a 2-year period. There is a clear need for efficient and better formulated medications. We have previously shown that nanoparticles made of cross-linked poly-β-cyclodextrins (pβCD) are efficient vehicles for pulmonary delivery of powerful combinations of anti-TB drugs. Here, we report that in addition to being efficient drug carriers, pβCD nanoparticles are endowed with intrinsic antibacterial properties. Empty pβCD nanoparticles are able to impair Mycobacterium tuberculosis (Mtb) establishment after pulmonary administration in mice. pβCD hamper colonization of macrophages by Mtb by interfering with lipid rafts, without inducing toxicity. Moreover, pβCD provoke macrophage apoptosis, leading to depletion of infected cells, thus creating a lung microenvironment detrimental to Mtb persistence. Taken together, our results suggest that pβCD nanoparticles loaded or not with antibiotics have an antibacterial action on their own and could be used as a carrier in drug regimen formulations effective against TB.
annually. 1 Although TB mortality has decreased over the past 15 years due to implementation of improved TB control programs and strategies, the continuous emergence of multi-drug-resistant (MDR) and extensively drug-resistant (XDR) TB remains highly alarming. New means to fight MDR-and XDR-TB are urgently needed. The current regimen for the treatment of drugsensitive TB relies on a six-month course of four drugs to be taken orally on a daily basis: isoniazid (INH), rifampicin (RIF), ethambutol (EMB), and pyrazinamide (PZA). Lack of patient compliance and individual host variability in drug pharmacokinetics have led to the development of MDR-TB cases. Treatment of MDR-TB requires two years of second-line antibiotics, such as ethionamide (ETH), fluoroquinolones, and aminoglycosides, which are less effective and cause more severe side effects, whereby the cure rates remain desperately low. 2 Mtb is a professional pathogen that initially invades and replicates essentially inside phagocytes, such as alveolar and interstitial macrophages. Intracellular Mtb subverts the microbicidal properties of macrophages, which may lead to inefficient containment and development of TB pathology. 3 Lungs are the major infection site of Mtb transmitted by human-to-human aerogenic spread. In this organ, ingestion and replication of Mtb leads to immune cell recruitment and formation of granulomas, which is a hallmark of the antimycobacterial immune response. The granuloma is composed of an organized aggregation of cells including infected and noninfected macrophages, dendritic cells, inflam- 7, 9, 11, 14, 16 , and 18 postchallenge, mice received administrations of 50 μL of pβCD of various concentrations via the e.t. route by use of a microsprayer device that generated aerosolization directly into the lungs. At day 21 postchallenge, lungs were harvested for determination of bacterial burden by CFU counting. (B) Mice received 6 inoculations of 50 μL of pβCD preparations at defined concentrations by the e.t. route before pulmonary bacterial load was evaluated at day 21 postchallenge. (C) Comparison of the impact of pβCD (6 × 50 μL at 150 mg/mL) on Mtb pulmonary load administrated by the i.n. route or by the e.t. route after i.n. infection. (D) Comparison of the effect of the administration of unloaded pβCD and pβCD loaded with ETH alone, [ETH:BDM43266] or [ETH:BDM41906] (6 × 50 μL at 150 mg/mL of pβCD). Data are presented as mean ± SEM and are representative of at least two independent experiments. Symbols ** and *** denote p < 0.01 and p < 0.001, respectively. matory monocytes and neutrophils, and natural killers and lymphocytes. To exert their activity, antimycobacterial drugs must reach granulomas and express their sterilizing activity within the phagosomes of the innate immune cells in which the bacilli reside. 4 If the bacterial growth is not sufficiently controlled, necrotic tissue lesions can become caseous to form cavities, from which Mtb may be disseminated to other parts of the lung parenchyma. This leads to the initiation of secondary infectious sites, Mtb release to the airways, and thereby transmission to new hosts.
Local administration of anti-TB drugs directly into the lung is an attractive strategy to improve the efficacy of current TB treatment and to reduce systemic side effects. It should also be beneficial in preventing bacterial dissemination and disease establishment by targeting more efficiently infected macrophages, thus reducing administered doses. 5 Nanotechnologies as therapeutic tools to fight microbial resistance, especially against tuberculosis, have been proposed as an effective approach. 6−10 For example, the use of nanoparticles (NPs) allows the administration of poorly soluble drugs into the lungs. 11−13 We recently described that coencapsulation of ETH together with the booster of its bioactivation, called Booster BDM41906, 14 in nanoparticles made of cross-linked poly-β-cyclodextrins (pβCD) overcame the drawbacks related to the strong tendency of ETH to crystallize and to the low solubility of the Booster in aqueous media. 13 Interestingly, pβCD allowed an efficient onestep incorporation of both ETH and Booster by a "green" procedure, which means that no organic solvents were used in the process. Importantly, as we previously described, treatment of Mtb-exposed mice with pβCD loaded with ETH and BDM41906 was shown to lead to a significant decrease of the mycobacterial burden in lungs, similar to that generated by the first-line reference drug INH. 13 Here, we also investigated the antimycobacterial activity of unloaded pβCD NPs and showed that their pulmonary administration in mice exposed to Mtb results in decreased lung mycobacterial burden compared to nontreated control mice. These results seem to be linked to the finding that pβCD disrupt cell surface lipid rafts and thereby counteract bacterial host cell invasion. Moreover, pβCD induce apoptotic cell death in murine macrophages as well as in vivo, which may contribute to the depletion of alveolar macrophages, a main Mtb reservoir. The effect of unloaded NPs against Mtb replication in vivo appeared to be rather specific for pβCD. Furthermore, unloaded pβCD were able to impact Mtb but not other bacterial pulmonary pathogens. Taken together, our findings argue for the use of pβCD in drug regimen formulations as an effective tool against TB.
RESULTS AND DISCUSSION
Intrinsic Properties of pβCD against Mtb Growth in Vivo. To study the possible impact of unloaded pβCD on the control of Mtb growth in vivo, we used a mouse model of acute Mtb infection. BALB/c mice (n = 4/group) were inoculated with 10 5 CFU/mouse of Mtb H37Rv via the intranasal (i.n.) route ( Figure 1A ). The i.n. route of infection was chosen because it is currently widely used 15 and was approved by our animal ethics committee. Mice were then left for 7 days to allow a 1-log increase of Mtb load in the lungs. From day 7 on, and every second day, groups of mice received via the endotracheal route (e.t.), by use of a microsprayer device, 13 50 μL/mouse of diverse concentrations of pβCD, ranging from 15 to 200 mg/ mL. These doses are equivalent to 30 to 400 mg/kg of body weight. Compared to untreated mice, on day 21 postchallenge, the animals that had received pβCD displayed decreased pulmonary mycobacterial load by 1-log for all concentrations ≥ 30 mg/mL (p < 0.01) ( Figure 1B ). Therefore, it seems that pβCD alone had an intrinsic antimycobacterial effect in vivo.
We next examined whether the route of administration had an impact on this activity. The antimycobacterial effect of the same pβCD dose (50 μL of 150 mg/mL) was compared between the e.t. and i.n. routes, using the same regimen as detailed in Figure  1A . A similar decrease in mycobacterial load was detected for both delivery routes by comparison with untreated controls, showing that the two routes of administration can both be equivalently used for further studies ( Figure 1C ).
We then determined whether the intrinsic antimycobacterial activity of pβCD could synergize with that of the combination of anti-TB drugs when given directly into the lungs. To this end, we investigated the administration of pβCD loaded with both ETH and Booster. Briefly, ETH is a pro-drug that requires bioactivation, mediated by the bacterial mono-oxygenase EthA. This enzyme is under the control of the repressor EthR. 16 Booster molecules induce conformational changes in EthR, resulting in the inhibition of its repressor activity and thereby an enhancement of ETH activity. 14 As previously described, BDM43266, which has been optimized through fragment screening and structure-based design, allows an increase by 10-fold of the activity of ETH against Mtb growth in vitro. 17 BDM43266 was thus co-loaded with ETH into pβCD using the previously described conditions of encapsulation. 18 Briefly, powders of the two lipophilic drugs were mixed with suspensions of pβCD at 150 mg/mL overnight, resulting in their spontaneous incorporation in the hydrophobic cavities of the pβCD. This method has the advantage of avoiding the use of organic solvents. Moreover, the drugs were incorporated at the molecular state and did not crystallize upon storage, which is usually an issue with ETH alone. In a previous study with two hydrophobic molecules, drug release from CD-based materials was found to be related in an equilibrium established between free and incorporated drug in vitro. We expect the same mechanism to occur for ETH and Booster in alveolar macrophages, which will be investigated in depth in a future study. 19 Six administrations of pβCD loaded with ETH alone via the e.t. route induced a decrease of the bacterial load similarly to that upon administration of pβCD alone, showing that, as expected, delivery of ETH at this low concentration had no antibacterial properties ( Figure 1D ). Moreover, the administration of pβCD co-loaded with both drugs ETH and BDM43266 ([ETH:43266]) in Mtb-challenged mice led to a significant decrease (p < 0.05) of the pulmonary bacterial load by 1 log, compared to the group that received ETH only. These results first showed that BDM43266 had an effective boosting effect on ETH. Second, pβCD were able to deliver sufficient amounts of ETH and BDM43266 in vivo. We next compared the boosting efficacy of BDM43266 with that of BDM41906, which we previously reported. No difference was observed concerning the boosting efficacy between BDM41906 and BDM43266. We observed that both Boosters exerted similar effects in our model of infection, suggesting that they should be considered as potent drug candidates for future anti-TB investigations.
The antibacterial activity of NPs is an intense area of research, 20−22 but to the best of our knowledge, only metal nanoparticles, such as silver-, gold-, iron-, or copper-based ones, were shown to promote pathogen eradication. 23−25 However, concerns can be raised upon repetitive administration of metalbased NPs in pathologies such as TB.
Altogether, this interesting and unexpected result shows that pβCD, when administered directly into the lungs, exert two beneficial actions: (i) making it possible to administer poorly soluble anti-TB drugs without using organic solvents and to transport them to the lungs, the main site of infection, and (ii) potentiating the antimycobacterial effect of these drugs with which they synergize through their intrinsic antimycobacterial property.
Indeed, drug administration into the lungs bypasses limitations of some current TB drugs, which are given orally. Besides, when a patient with active TB sneezes, coughs, or spits, droplets containing Mtb can be inhaled by surrounding individuals, who can become infected. The main advantages of the drug administration directly into the lungs are that (i) bacteria could be rapidly eradicated and (ii) Mtb spreading to other cells could be prevented, which is considered as a main strategy to eradicate infection. 4,26−28 pβCD Are Engulfed by Alveolar Macrophages after Administration. The discovery of the intrinsic antibacterial ability of pβCD prompted us to explore the type of lung cells that could be impacted by this effect. Rhodamine B-conjugated pβCD (Rhod-pβCD) were therefore administered to mice via the e.t. route. Diverse cell subsets, including alveolar or interstitial macrophages, neutrophils, eosinophils, T cells, and B lymphocytes, were then examined by flow cytometry for the presence of fluorescent pβCD. Two hours after administration, Rhod-pβCD were preferentially located in alveolar macrophages (CD11c + F4/80 + SiglecF + ) with approximatively 40% of these cells emitting the rhodamine B fluorescent signal (hence referred as Rhod + ) ( Figure 2A ). Taken together, these observations showed that, at early time points following inoculation, pβCD were mainly internalized by alveolar macrophages in mouse lungs, which are among the main cells used by Mtb as a reservoir. This property is of main importance for the delivery of anti-TB drugs. Indeed, the ability for chemical entities to reach Mtb-containing lesions has recently been demonstrated to be an important parameter to take into account during their development. 4 Moreover, having a class of NPs that Figure 3 . pβCD are not genotoxic and poorly induce pro-inflammatory responses. (A, B) THP1 cells were incubated for 24 h with different concentrations of pβCD for the evaluation of genotoxicity. The micronucleus assay (A) was used to detect any damage that occurred during cell division (mitomycin was used as positive control), while the comet assay (B) was used to evaluate DNA strand breaks (methyl methanesulfonate was used as positive control). (C) BMDC were incubated overnight with pβCD or were inoculated with BCG (MOI = 1), as a positive control. After overnight incubation, cells were stained with FITC-conjugated antibodies. The FITC signal gated on CD11c + cells shows the surface expression level of co-stimulatory molecules (CD40, CD80, CD86) and MHC-I or MHC-II molecules, as phenotypic dendritic cell maturation markers. (D) As a hallmark of functional dendritic cell maturation, IL-1β and TNF-α were quantified by ELISA in the supernatants of the same cultures, described in (C). Symbols ** and *** denote p < 0.01 and p < 0.001, respectively. acts on the interactions between bacteria and the host allows opportunities for the development of macrophage-targeted hostdirected therapies.
The efficient uptake of pβCD by macrophages was further supported by using murine bone-marrow-derived macrophages (BMDM), as typical surrogate cells used in in vitro infection experiments. BMDM were incubated with various concentrations of Rhod-pβCD for 24 h, washed, and imaged by confocal microscopy (Figure 2B , top image). Using the imageanalysis software Columbus, all images were segmented to delimit each cell and each intracellular Rhod + nanoparticle ( Figure 2B , bottom image). These analyses revealed that more than 80% of the cells had phagocytosed pβCD when added at concentrations of 5 and 25 mg/mL ( Figure 2C ). Of note, at lower concentrations of pβCD tested (2 mg/mL), 50% of the cells contained approximately two Rhod + NPs, highlighting the strong capacity of macrophages to internalize pβCD. The number of BMDM per well was also determined ( Figure 2C ), and this parameter informs on the cytotoxicity of pβCD. There was no difference in cell number for concentrations up to 5 mg/ mL compared to control nontreated cells, clearly showing that pβCD are not cytotoxic. However, we observed a 40% decrease of the number of cells for samples incubated with pβCD at 25 mg/mL, suggesting that at this very high concentration pβCD induced cell death. It is important to mention that this concentration is likely never reached in lungs of mice. Indeed, with an administration of 50 μL of a solution containing 150 mg/mL of pβCD, mice received approximately 7.5 mg within lungs, covering a pulmonary volume of approximately 1 mL. The possible genotoxic properties of pβCD are further investigated in the following section.
pβCD Are Not Genotoxic and Have Poor Proinflammatory Properties. It is generally admitted that βCD are not genotoxic. [23] [24] [25] 29 To determine whether the pβCD used in this study share the same properties, their possible genotoxic properties were evaluated on differentiated human macrophagelike THP1 cells, incubated for 24 h with pβCD and processed for the formation of micronuclei, an indicator of chromosomal damage, or for the "comet" assay, which measures DNA strand breaks. 30, 31 Results showed that pβCD induced neither micronuclei ( Figure 3A ) nor DNA damage ( Figure 3B ) in comparison to untreated cells up to 25 mg/mL. Altogether this suggests that pβCD NPs are not genotoxic.
We next investigated whether pβCD can induce inflammatory responses, using a highly sensitive dendritic cell maturation assay. Bone-marrow-derived dendritic cells (BMDC) were incubated for 24 h with different concentrations of pβCD, and the surface expression of CD40, CD80, and CD86, as well as of major histocompatibility complex (MHC)-class I or -II molecules, was studied by flow cytometry to assess the phenotypic maturation of BMDC. In contrast to the positive control, Mycobacterium bovis (Bacillus Calmette-Guerin, BCG) at a multiplicity of infection (MOI) of 1, which induced substantial up-regulation of these surface maturation markers ( Figure 3C , right), pβCD did not modify the expression profile of these markers ( Figure 3C , left). We also quantified the secretion of targeted cytokines by BMDM that had been incubated with different concentrations of pβCD. We observed that pβCD did not induce secretion of the inflammatory cytokines TNF-α and IL-1β up to the concentration of 5 mg/ mL. At 25 mg/mL, the production of IL-1β and TNF-α by BMDMs increased to 400 and 200 pg/mL, respectively, upon an overnight incubation with pβCD at 25 mg/mL, although their levels remained much lower than the positive control used here (BCG vaccine) with 1100 and 700 pg/mL, respectively. Altogether these results showed that pβCD had only very low pro-inflammatory effect at high concentration and no potential for inflammasome activation ( Figure 3D ).
pβCD Prevent Mtb Uptake by Macrophages via Cholesterol Depletion. It is well recognized that monomeric βCD affect the cholesterol content of plasma membranes and disturb lipid raft distribution. 32−35 We therefore examined the effect of pβCD on the BMDM plasma membrane using a greenfluorescent Cholera toxin B subunit (CTB-FITC) as a marker that binds to cholesterol and lipid rafts. BMDM were first incubated with various concentrations of pβCD and then labeled with CTB-FITC. In control macrophages, cholesterol was detected exclusively on the plasma membrane, whereas in pβCD-treated cells, cholesterol was depleted from the plasma membrane and distributed in a diffuse manner throughout the cytosol ( Figure 4A ), which indicates a translocation of plasma membrane cholesterol subsequent to pβCD treatment.
As cholesterol plays an essential role in the entry of mycobacteria into macrophages, 36, 37 we wondered whether pβCD could affect the uptake of Mtb in cells. BMDM were first incubated with pβCD at various concentrations for either 2 or 16 h. After washing, red-fluorescent Mtb (H37Rv-pMRF1) was added at an MOI of 2. Two hours later, the cells were fixed and stained with DAPI (DNA marker), and the percentage of cells containing mycobacteria was determined by automated confocal microscopy and image analysis. Around 40% of BMDM harbored Mtb in control cells (Cont.), whereas less than 25% of pβCD-treated BMDM showed intracellular Mtb independent of the concentrations tested ( Figure 4B ,C). The effect was even more striking when BMDM had been preincubated with pβCD for 16 h ( Figure 4D ). Only 11% of BMDM were found infected in the presence of 2 mg/mL of pβCD. A maximal reduction of 7% was found at a pβCD concentration of 25 mg/mL. Thus, these data demonstrate that pβCD inhibit macrophage colonization in vitro by inducing the depletion of cholesterol at the plasma membrane. Our data suggest a direct correlation between the inhibition of the bacterial uptake in vitro and the reduced Mtb infection in vivo. This may be explained by the fact that the bacterium does not reach its intracellular niche, where replication occurs. It was also reported that lipid rafts are needed for translocation of innate immune receptors such as TLR2 during Mtb infection, 38 raising the hypothesis that cholesterol depletion by pβCD could impair innate immune responses against bacteria. These hypotheses deserve further investigation.
pβCD Impair in Vitro Mtb Replication and Induce Host Cell Apoptosis. We next investigated the abilities of pβCD to modulate the replication of Mtb inside macrophages. BMDM were infected with red-fluorescent Mtb (H37Rv-pMRF1) at an MOI of 2 for 4 h before extensive washing to remove extracellular bacteria. Twenty-four hours postinfection, cells were incubated with pβCD at concentrations ranging from 1 to 25 mg/mL during 5 days before being fixed, and the cell nuclei were labeled with DAPI. After image acquisition, a dedicated image analysis enabled the quantification of the bacterial area per infected cell, which is a biological correlate of infection corresponding to the bacterial load per cell ( Figure 5A ). In nontreated macrophages (Cont.), the bacterial area reached around 400 pixels 2 5 days postinfection. Interestingly, infected cells that were incubated with pβCD resulted in a bacterial area lower than 300 pixels 2 , demonstrating that pβCD reduce Mtb replication.
Taking into account this observation, the cytosolic translocation of cholesterol ( Figure 4A ) and the fact that targeting cholesterol by βCD renders cells more sensitive to apoptosis, 32, 33, 39 we investigated whether treatment with pβCD is proapoptotic for macrophages. BMDM were incubated with various concentrations of pβCD for 24 h, prior to fixation and labeling with annexin V and a DNA intercalating dye. In this assay, necrotic cells are single positive for the DNA intercalating dye, while cells in early apoptosis are single positive for annexin V, and late apoptotic cells are double positive. While untreated BMDM were double negative in this assay, cells incubated with pβCD were single positive for annexin V, in contrast to the BMDM treated with staurosporine, which typically leads to late apoptotic, double-positive cells (Figure 5B,C) . This effect is important to counteract the blockade of host cell apoptosis, previously reported for Mtb. 40 Moreover, Mtb eludes immunity and disseminates in a necrosis-dependent manner. Therefore, reprogramming the host cell death toward apoptosis can be detrimental to mycobacterial growth. 41 In addition, the host is able to kill bacteria through efferocytosis, by which Mtb-infected macrophages in apoptosis are rapidly phagocytized by uninfected bystander macrophages. 42 pβCD Induce in Vivo Apoptosis in Lungs, Impairing Reservoirs for Mtb. We next studied the cell composition of lung immune cells after e.t. administration of pβCD. BALB/c mice (n = 4 per group) received via e.t. route 50 μL of pβCD at 150 mg/mL. At various time points postadministration, the cell populations were studied by flow cytometry. As expected, an increase in the absolute number of neutrophils was observed early at 2 h postinoculation ( Figure 6A) . Slight decreases were observed in the absolute numbers of interstitial macrophages and eosinophils at 2 h, while an increase was detected in the absolute number of T and B lymphocytes, which were increased at 24 h postinoculation. Only the increase in B lymphocytes persisted until 72 h postinoculation. In contrast, inoculation of pβCD caused a 10-fold decrease in the number of alveolar macrophages as soon as 24 h postinoculation. This last observation, together with the previous results, suggested that pβCD were mainly ingested by alveolar macrophages, leading to their apoptotic death. To prove our hypothesis, the quantification of apoptotic cells in lungs of infected mice that had been previously treated with pβCD was performed. BALB/c mice were infected via i.n. route with Mtb and treated with pβCD (50 μL at 150 mg/mL) at days 7, 9, 11, 14, 16, and 18. At 21 days postinfection, mice were anesthetized and received via i.n. route the NucView 488 caspase-3 substrate that labels apoptotic cells. After 1 h, mice were euthanized, and their lungs were then fixed and prepared for histology. Samples were sliced into 10 μm sections and stained with DAPI for fluorescence microscopy analysis ( Figure 6B ). Results showed that pβCD administration increased 4 times the number of apoptotic cells in lungs of infected mice in comparison to nontreated, infected mice. Thus, our results suggest that pulmonary administration of pβCD may result in a transient but drastic depletion of alveolar macrophages by inducing apoptotic cell death.
Of note, the in vivo depletion of alveolar macrophages by pβCD treatment is rapid and transient, suggesting it has little impact on lung homeostasis. In support of our findings, a recent study showed that specific depletion of alveolar macrophages by pulmonary administration of liposomal formulations leads to a decrease of lung Mtb burden with similar efficacy to that for the pβCD treatment performed in the present study. 43 pβCD Antibacterial Activity Is Specific for Mtb in Vivo. To establish whether such intrinsic inhibitory effect was specific to pβCD or shared by other nanocarriers, we expanded the study to other unloaded nanoparticles. First, we investigated the effect against an Mtb challenge of nanoparticles of poly-α-CD (pαCD) and poly-γ-CD (pγCD), for which no genotoxicity was observed (Supp. Figure 1) . Interestingly, we observed that pβCD had an antibacterial activity but not pαCD or pγCD ( Figure 7A ).
Of note, the pαCD and pγCD NPs were less prone to solubilize both drugs (ETH and BDM43266) than pβCD ( Figure 7B ). As shown in Figure 7B , the apparent solubility of both ETH and Booster increased linearly by increasing pCD concentrations, which was also the case with native CDs (Supp. Figure 2 ). The phase solubility diagram was a typical AL-type, indicating the formation of soluble ETH/CD and Booster/CD complexes. 44 The obtained binding constants K 1:1 (M-1) of these complexes are shown in Supp. Table 1. All the CDs or pCDs were able to increase the apparent solubility of both drugs. Interestingly, it appears that both ETH and Booster are better accommodated in the cavity of βCD as compared to the other types of CDs, as shown by the obtained K 1:1 of 24, 100, and 47 for αCD, βCD, and γCD, respectively, in the case of ETH and 100, 514, and 256 in the case of Booster (Supp. Table 1 ). Compared to these native CD monomers, pCDs were more efficient in enhancing the apparent solubilities, especially for the Booster. For example, the K 1:1 of Booster was 100 for αCD and 503 for pαCD, which is possibly due to the contributions of hydrophobic microdomains formed in the cross-linked pβCD.
In a nutshell, pβCD was the best among all tested CD-based materials to increase the apparent solubility of both drugs, achieving a K 1:1 of 110 and 1037 for ETH and Booster, respectively. Moreover, this polymer is highly water-soluble, allowing a dramatic increase of the apparent solubility of both ETH and Booster and avoiding crystallization issues. 18 Together, these results show that pβCD is a good candidate to study its intrinsic antibacterial activity.
We further investigated the intrinsic antimycobacterial properties of nanoparticles made of poly(lactic-co-glycolic acid) (PLGA), one of the most widely employed biomaterials for drug loading, 45, 46 and the more recently developed highly porous hybrid nanoparticles made of metal−organic frameworks (nanoMOF). 47 PLGA nanoparticles and nanoMOFs were administered i.n. at the highest doses for which there was no aggregation. Subsequent to 6 i.n. administrations of NPs, we detected no effect on mycobacterial loads in nanoMOF-treated mice, but a slight decrease of 0.5-log in the bacterial loads in PLGA-treated mice, which however did not reach the observed rate in pβCD-treated mice ( Figure 7C ).
Finally, we sought to determine whether the antibacterial effect of pβCD was specific to tuberculosis bacilli. We thus evaluated the effect of pβCD on bacterial loads in mouse models of infection with (i) Brucella abortus, the causative agent of brucellosis, and (ii) Bordetella pertussis, the causative agent of whooping cough. B. abortus is a facultative intracellular Gramnegative coccobacillus that infects mammals and may cause fetus abortion. Human brucellosis is a zoonotic infection transmitted mainly through ingestion and inhalation. 48 B. pertussis is an extracellular bacterium causing whooping cough or pertussis, a severe respiratory disease that can be life-threatening in young infants. Both bacterial pathogens colonize the respiratory tract and persist several days in lungs after challenge. Administration of pβCD in the lung of mice infected with either B. abortus or B. pertussis had no impact on the bacterial load, as determined at day 14 and day 21 postchallenge, respectively, in contrast to the effects observed in the Mtb mouse model ( Figure 7D ). This suggests that pβCD act in a specific manner by interfering with macrophage colonization by Mtb. The absence of pβCD effect on B. pertussis may result from the fact that this pathogen, in contrast to Mtb, is an extracellular bacterium, and thus its in vivo replication is not directly dependent on macrophages impacted by the pβCD treatment. The fact that pβCD have no effect on the intracellular pathogen B. abortus underscores a cellular mechanism that is not common to other intracellular bacteria, which deserves more investigation. Thus, the antibacterial effect of pβCD in the lung is specific and helps host cells to control Mtb infection.
CONCLUSIONS
Current TB therapy is characterized by a complex drug regimen that needs to be taken for 6 months, causing problems of toxicity and compliance. Therefore, treating TB remains a challenge given the complexity and the lack of understanding of many aspects of the basic biology underlying this disease. The limitations of conventional therapies and the increasing incidence of MDR-and XDR-TB underpin the need for innovative therapeutic approaches. One of them consists of using nanotechnologies to combat microbial resistance. 21 Taken together, we showed that e.t. administration of pβCD to Mtb-exposed mice leads to a decrease of Mtb burden, which is concomitant with reprogramming the properties of alveolar macrophages (Figure 8 ). Pulmonary administration of pβCD induces transitory depletions of one of the main Mtb reservoir cells, which could contribute to the decrease of Mtb burden via efferocytosis of apoptotic alveolar macrophages containing surviving bacteria. Moreover, with the specific depletion of membrane cholesterol in alveolar macrophages, extracellular bacteria will be less likely to invade their neighboring cells. In summary, we identified a promising tool that not only improves drug bioavailability at the site of infection but also makes macrophages less permissive to Mtb replication. The search for new molecules able to boost host capacities for Mtb killing is considered as a promising strategy to counteract the limitation of current TB treatment and the appearance of MDR mycobacteria. 49 βCD-based NPs represent a potent drug carrier that could contribute to move this concept forward. This activity could fit into the emerging and promising concept of anti-TB approaches by host-directed therapy, which aims to empower host immune properties for the elimination of mycobacteria and/or for the reduction of tissue damage induced by the infection. 50 
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METHODS
Nanoparticle Preparation. β-Cyclodextrin was kindly supplied by Roquette, Lestrem, France. pβCD nanoparticles of around 10 nm were produced as previously described 51, 52 by cross-linking βCD under strongly alkaline conditions with epichlorohydrin (EP). Briefly, 100 g of anhydrous βCD was solubilized overnight in 160 mL of NaOH 33% w/ w solution. After adding 81.52 g of EP, the reaction was stopped in the vicinity of the gelation point. The pβCD, recovered by ultrafiltration followed by freeze-drying, contained 70% w/w βCD, as determined by 1 H NMR spectroscopy. Using the same cross-linking method, αCD and γCD (Sigma-Aldrich, Saint Quentin Fallavier, France) were crosslinked, leading to the formation of pαCD and pγCD, respectively. These materials had similar properties except their CD content, which was 61% w/w and 82% w/w for pαCD and pγCD, respectively.
Nanoparticle preparations were purified using high-capacity endotoxin-free columns (ThermoFisher). For both cellular and in vivo experiments, pβCD were dispersed in water. For the various cellular assays, nanoparticles were harvested in microplates, and manual dilutions of the mother solution in a final volume of 100 μL were performed in sterile Milli-Q water in a 384 deep well "diamond plate" (Axygen) in order to obtain a dose−response curve. Previously, 5 μL of 
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Article DOI: 10.1021/acsnano.8b07902 ACS Nano 2019, 13, 3992−4007 each concentration of the pβCD were dispensed in 384-well clearbottom polystyrene assay plates (Greiner Bio-One). Water was used as negative control (Cont). Rhod-pβCD were synthesized according to a previously reported method. 53 Nanoparticles of porous nanoMOF MIL-100(Fe) (MIL stands for Material of Institut Lavoisier) were synthesized by microwave-assisted hydrothermal reaction as previously described. 54 A mixture containing the iron source (iron(III) chloride hexahydrate) (6.0 mmol) and the organic bridging ligand (1,3,5-benzenetricarboxylic acid) (4.02 mmol) was heated in 20 mL of deionized water, 6 min at 130°C under stirring. The reaction was carried out in a Pyrex reactor at a power of 800 W (Mars-5, CEM, US). The crystalline iron-trimesate nanoMOFs were recovered by centrifugation (15 min, 10000g) and purified by washing six times with absolute ethanol. The nanoparticles had a mean diameter of 225 nm and a specific BET surface of 1650 m 2 /g, in agreement with previously reported data. 47 For in vivo administration, nanoMOF were administrated dispersed in water at a concentration of 5 mg/mL.
Poly(D,L-lactide-co-glycolide) (50:50 acid terminated, MW: 5−20 kDa, 10P019) was kindly provided by PCAS (Expansorb, Aramon, France). Nanoparticles were produced by an emulsification method as described in our previous study. 13 Their mean diameter was 180 nm. For in vivo experiments, PLGA were administrated at a concentration of 15 mg/mL.
Ethionamide and Booster Co-incorporation and Phase Solubility Studies. A series of CD aqueous solutions (0, 3, 6, and 9 mM for αCD, βCD, pβCD, and γCD; 0, 2, 5, and 7 mM for pαCD and 0, 4, 8, and 12 mM for pγCD) were introduced in vials containing excess amounts of ETH and Booster, respectively. The dispersions, accurately protected from light, were kept under shaking for 3 days for drug:CD complexation to reach equilibrium. Then, the excess (not dissolved) drugs were removed by centrifugation to obtain saturated ETH-or Booster-loaded systems. Drugs in the supernatants were extracted by adding equal volumes of a DMSO/acetonitrile (1:10 v/v) mixture, followed by centrifugation at 17000g for 20 min to remove the precipitated CDs or NPs. Drug concentration in the clear supernatants was assessed by RP-HPLC as previously described. 18 Phase solubility diagrams were obtained by plotting the apparent solubility of ETH or Booster against the equivalent molar CDs' concentrations. For pCDs, the concentrations were calculated taking into account their CD content determined by NMR. Assuming a 1:1 stoichiometry of the binding interactions, the binding constants (K 1:1 ) were calculated from the linear regression curve of solubility diagrams, according to the following equation: 44 = − K S slope (1 slope) 1:1 0 S 0 determines drug solubility in water.
For in vitro and in vivo studies, ETH and Boosters (BDM43266 and BDM 41906) were encapsulated in pCDs without using any organic solvent, by mixing overnight 150 mg of pCD suspensions with the drug powders, 3 mg of ETH, and 3 mg of Booster per mL of water as previously described. 18 Mice. Six-week-old Balb/c female mice and C57BL/6 female mice were purchased from Janvier (Le Genest-Saint-Isle, France) and were maintained in the animal facility of the Pasteur Institute of Lille, France (Agreement B59-350009). The project received ethical approval by the French Committee on Animal Experimentation and the Ministry of Education and Research (00579.01 approved on December 2, 2015, and APAFIS#10232-2017061411305485 v6 approved in September 2018). All experiments were performed in accordance with relevant guidelines and regulations.
Murine Bone-Marrow Macrophages and Dendritic Cells. Murine bone-marrow progenitors were obtained by sampling tibias and femur bones from 7-to 11-week-old C57BL/6 mice. BMDM and BMDC were obtained by seeding 10 7 bone marrow cells in 75 cm 2 flasks in RPMI 1640 Glutamax medium (Gibco) supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Gibco) and 10% L929conditioned medium containing macrophage colony-stimulating factor (M-CSF) or granulocyte-macrophage colony-stimulating factor (GM-CSF). After 7 days' incubation at 37°C and 5% CO 2 , BMDM were rinsed with Dulbecco's phosphate-buffered saline (D-PBS) and harvested with Versene (Gibco) to be used for the following assays.
CTB-FITC Staining and Apoptosis Assay. A total of 10 4 BMDM were seeded in 384-well plates in the presence of various concentrations of pβCD diluted in 50 μL of RPMI containing 10% FBS and M-CSF. After an overnight incubation with pβCD, BMDM were fixed with 10% neutral buffered formalin solution (HT5014) containing 4% paraformaldehyde for 30 min and then labeled with CTB-FITC (C1655) and DAPI at 10 μg/mL in D-PBS for 10 min at room temperature (RT). The GFP-certified apoptosis/necrosis detection kit (Enzo, ENZ-51002) was used to monitor cell death. Confocal images were acquired using an Opera automated confocal microscope (PerkinElmer), and image quantification was performed using Columbus software.
Mtb Entry or Replication Assay. Recombinant Mtb H37Rv expressing the red fluorescent protein DsRed (H37Rv-pMRF1) 55 was cultured at 37°C for 2 weeks in Middlebrook 7H9 medium (Difco) supplemented with 10% Middlebrook oleic acid-albumin-dextrosecatalase (OADC, Difco), 0.5% glycerol (Sigma-Aldrich), 0.05% Tween 80 (Sigma-Aldrich), and 20 μg/mL kanamycin (Invitrogen). Mycobacteria were washed three times with D-PBS (free of MgCl 2 and CaCl 2 , Gibco) and resuspended in RPMI-1640 Glutamax medium containing 10% heat-inactivated FBS (Life Technologies). Clumped mycobacteria were removed by centrifugation at 700 rpm for 2 min, and homogeneous supernatants were used for infection. Bacterial titer was determined by measuring the red fluorescence on a Victor multilabel counter (PerkinElmer) and a standard titration curve. The bacterial suspension was diluted at 2 × 10 6 CFU per mL in RPMI 1640 supplemented with 10% FBS (RPMI-FBS) before being added to BMDM for infection.
For the Mtb entry assay, bacteria were added to BMDM that had been incubated for 2 or 16 h with various dilutions of pβCD. At 2 h postinfection, cells were fixed with 10% neutral buffered formalin solution (Sigma-Aldrich) for 30 min and then labeled with DAPI at 10 μg/mL in D-PBS for 10 min at RT for image-based analysis.
For the Mtb replication assay, BMDM were infected during 24 h (MOI 2) before being incubated with various concentrations of pβCD until day 5 postinfection. Then, cells were fixed with 10% neutral buffered formalin solution (Sigma-Aldrich) for 30 min and then labeled with DAPI at 10 μg/mL in D-PBS for 10 min at RT for image-based analysis.
Image Acquisition and Image-Based Analysis. For intracellular assays, image acquisition of 384-well plates was performed on an automated fluorescent confocal microscope (InCell6000, GE Healthcare), using a 20× objective. The confocal microscope was equipped with 405, 488, 561, and 640 nm excitation lasers. A series of six fields was taken per well, and each one was analyzed using the image-analysis software Columbus (version 2.5.1, PerkinElmer). Cells (nuclei and cytoplasm) were detected by an intensity detection algorithm applied on the DAPI channel. A spot detection algorithm based on the RFP channel was applied for the detection of Mtb-pMRF1 in cells, and the bacterial intensity and area in pixels were measured. Images were analyzed to determine the percentage of infected cells.
Genotoxicity Assay. THP1 (ATCC TIB-202) cells were incubated for 4 h in complete medium with different concentrations of pCD suspensions in sterile water or positive controls as described. 56 For the in vitro micronucleus assay, cells were washed and reincubated for a 1.5−2 cell cycle recovery period. At the end of this recovery period, cells were washed and trypsinized. After centrifugation at 1000 rpm (95g) for 6 min, supernatant was discarded and cells were treated with a hypotonic solution (culture medium diluted 1:1 in distilled water). After the hypotonic shock, a prefixation step was performed by adding cold Carnoy's fixative (methanol/glacial acetic acid, 3:1 v/v). Cells were then centrifuged and suspended in Carnoy's fixative for 10 min. After another centrifugation, cells were resuspended and spread on duplicate glass slides. Slides were air-dried overnight and stained for 10 min with 4% v/v Giemsa in water. Micronuclei, identified according to recommended criteria, were scored at 500× magnification in 1000 intact mononucleated cells per slide. The comet assay was performed under alkaline conditions (pH > 13). At the end of the 4 h treatment, THP1 cells were washed and trypsinized. Trypsin was inactivated by adding complete medium. Viable cells were counted using Trypan blue exclusion, and 8 × 10 4 viable cells were mixed with 0.5% w/v low melting point agarose (LMPA) kept at 37°C. Cells embedded in LMPA were spread on regular precoated microscopy slides (1.5% and 0.8% w/v normal melting point agarose). All the following steps were sheltered from daylight to prevent the occurrence of additional DNA damage. Slides were immersed for at least 1 h at 4°C in a cold lysing solution (2.5 M NaCl, 100 mM EDTA, 10 mM Trizma base, pH 10, supplemented with 1% v/v Triton X-100 and 10% v/v dimethyl sulfoxide). All slides were then placed in a horizontal tank filled with fresh electrophoresis solution (1 mM EDTA and 300 mM NaOH, pH > 13) for 20 min to allow DNA unwinding and expression of strand breaks and alkali-labile sites. Next, electrophoresis was performed for 20 min using an electric current of 0.7 V cm −1 . Slides were then placed for 10 min in a neutralization solution (0.4 M Trizma base, pH 7.5), and gels were dehydrated by immersion in absolute ethanol for 5 min. Finally, slides were air-dried and stored at room temperature. Slides were independently coded and analyzed after addition of propidium iodide (20 μg/mL) and a coverslip on each slide. Slides were then examined at 250× magnification using a fluorescence microscope (Leica Microscopy and Scientific Instruments Group, Heerbrugg, Switzerland) equipped with an excitation filter of 515−560 nm and a 590 nm barrier filter, connected through a gated CCD camera to Comet Image Analysis System software, version 4.0 (Perceptive Instruments Ltd., Haverhill, UK). One hundred randomly selected cells were scored on each slide, corresponding to 200 cells.
Dendritic Cell Maturation Assay. BMDC were incubated with 1 or 2 mg/mL of pβCD overnight. M. bovis BCG1173P2, a strong inducer of DC maturation, was used as positive control. Cells were washed and incubated with anti-CD16/CD32 (2.4G2 mAb, BD Pharmingen) during 20 min followed by surface staining during a 20 min incubation with appropriate dilutions of PE-Cy7-anti-CD11c in combination with FITC-conjugated anti-CD40 (HM40-3, SONY), anti-CD80 (B7-1) (16-10A1 Biolegend), anti-CD86 (B7-2) (PO3, SONY), anti-MHCII (I-A/I-E) (MS/114.15.2, eBioscience), anti-MHC-I (H-2k b ) (AF6-88-5-5-3, eBioscience), or the control Ig isotype antibodies. The stained cells were washed twice in PBS containing 3% FBS and 0.1% NaN 3 and then fixed with 4% paraformaldehyde during 18 h at 4°C prior to sample acquisition by a CytoFlex cytometer system (Beckman Coulter). As a functional DC maturation assay, TNF-α and IL-1β were quantified by ELISA in the culture supernatants of the same cultures, as described. 57 Effect of pβCD on Mtb-Infected Mice. Eight-week-old BALB/c mice (4 mice per group) were inoculated with Mtb H37Rv via the i.n. route (10 5 CFU/20 μL) as described. 13 Briefly, 50 μL of water containing pβCD (or PBS alone as control) was administered to mice via the e.t. route using a microsprayer (MicroSprayer Aerosolizer model IA-1C-M and FMJ-250 high-pressure syringe, Penn Century Inc., Wyndmoor, PA, USA) or via the i.n. route. Administrations were performed on day 7, 9, 11, 14, 16, and 18 . At day 21, mice were euthanized and lungs were homogenized using the MM300 bead beater (Retsch), and 10-fold serial dilutions were plated onto 7H11 agar plates supplemented with 10% OADC. CFUs were determined after a threeweek growth period at 37°C.
Effect of pβCD on B. abortus-Infected Mice. As described, 58 8week-old BALB/c mice were i.n. infected by B. abortus 2308 (10 5 CFU in 30 μL). Cultures were grown overnight with shaking at 37°C in 2YT medium (Luria−Bertani broth with double quantity of yeast extract) and were washed twice in RPMI 1640 (Gibco Laboratories) (3500g, 10 min) before inoculation of the mice. The mice were anesthetized with a cocktail of xylazine (9 mg/kg) and ketamine (36 mg/kg) in PBS before being inoculated. The infectious doses were validated by plating serial dilutions of the inoculum; i.n. administrations of pβCD were performed on day 7, 9, 11, 14, 16, and 18 . The mice were sacrificed 21 days after infection by cervical dislocation. Immediately after sacrifice, lungs were collected for bacterial counts. Organs were crushed and transferred to PBS/0.1% X-100 Triton (Sigma-Aldrich). We performed successive serial dilutions in RPMI and plated them onto 2YT medium. The CFUs were determined after 5 days of culture at 37°C.
pβCD Effect on B. pertussis-Infected Mice. Groups of 4 or 5 BALB/c mice (8-weeks-old) were sedated with pentobarbital (CEVA SantéAnimale, La Ballastiere, France) and i.n. infected with 20 μL of PBS containing 10 6 CFU of B. pertussis. The B. pertussis strain used was streptomycin-resistant BPSM and was grown on Bordet-Gengou agar (Difco Laboratories) supplemented with 1% glycerol, 20% defibrinated sheep blood, and 100 μg/mL streptomycin at 37°C as described. 59 After growth, the bacteria were collected and resuspended in PBS at the desired density; i.n. administrations of pβCD was performed on day 1, 3, and 6. Seven days postinfection, lungs were harvested, homogenized in PBS, and plated in serial dilutions onto BG-blood agar for CFU quantification after 5 days of incubation at 37°C.
Flow Cytometry Analysis of Lungs. Harvested organs were cut into small pieces and incubated for 1 h at 37°C with a mix of DNase I (100 μg/mL, Sigma-Aldrich) and collagenase D (400 U/mL, Roche). Lung cells were washed and filtered before being incubated with saturating doses of purified 2.4G2 (anti-mouse Fc receptor, ATCC) in 200 μL of PBS, 0.2% BSA, and 0.02% NaN 3 (FACS buffer) for 20 min at 4°C to prevent antibody binding to Fc receptors. Various fluorescent monoclonal antibody (mAb) combinations in FACS buffer were used to stain (3−5) × 10 6 cells. Acquisitions were done on a FACScanto II cytofluorometer (Becton Dickinson) with the following mAbs: fluorescein (FITC)-coupled anti-CD3 (145-2C11, BD Biosciences), FITC-coupled anti-CD11c (HL3, ThermoFisher), FITC-coupled anti LY6G (1A8, BD Biosciences), phycoerythrine (PE)-coupled anti-SiglecF (E50-2440, BD Biosciences), PE-coupled anti-MHCII (M5, BD Biosciences), PE-coupled anti CD11b (M1/70, BD Biosciences), allophycocyanin (APC)-coupled anti-F4/80 (BM8, BD Biosciences), APC-coupled anti-B220 (RA3-6B2, BD Biosciences), APC-coupled anti-CD11c (HL3, BD Biosciences), Brillant violet 421 (BV421)coupled anti SiglecF (E50-2440, BD Biosciences), BV421-coupled anti-MHCII (M5, BD Biosciences). Fixable viability dye aqua (Thermo-Fisher) was used to gate viable cells.
Fluorescent Histology on Infected Lung and Apoptosis Staining. Mice were anesthetized and via i.n. administrated with 50 μL of NucView 488 caspase-3 substrate (Ozyme) diluted in PBS (250×). One hour after injection, mice were euthanized to harvest lungs for histological analysis. In detail, lungs were fixed overnight at 4°C with 10% neutral buffered formalin solution (Sigma-Aldrich), washed in PBS, and incubated overnight at RT in a 20% PBS/sucrose solution under vacuum. Tissues were then embedded in the Tissue-Tek OCT compound (Sakura) and frozen in liquid nitrogen, and cryostat sections (10 μm) were prepared. For staining, tissue sections were rehydrated in PBS and incubated in a PBS solution containing 1% blocking reagent (Boeringer) (PBS-BR 1%) and DAPI nucleic acid stain for 20 min. Slides were mounted in Fluoro-Gel medium (Electron Microscopy Sciences, Hatfield, PA, USA). Labeled tissue sections were visualized with an Axiovert M200 inverted microscope (Zeiss, Iena, Germany) equipped with a high-resolution monochrome camera (AxioCam HR, Zeiss). At least three slides were analyzed per organ from three different animals, and the results are representative of two independent experiments.
Statistical Analysis. A Mann−Whitney test was applied using GraphPad Prism software. Each group of mice was compared to the control group. Comparison of groups two-by-two was performed, and the results are displayed when required. Values of p < 0.05 were considered significant. Indicated symbols of *, **, and *** denote p < 0.05, p < 0.01, and p < 0.001, respectively.
